The discrete solid element method is an efficient numerical method that simulates the large deformation, strong material nonlinearity, fracture, and dynamic problems of continuity. In the discrete solid element method model, the spring stiffness of the spherical elements on the boundary is different from that inside the discrete solid element method model based on the principle of conservation of energy. The spring stiffness of the spherical elements on the boundary of the discrete solid element method model is shown to have a significant effect on the macroscopic properties. According to the position of the spherical elements on the boundary of the discrete solid element method model, the spherical elements on the boundary are divided into three types, which are spherical elements on the surface position, on the edge position, and on the corner position. To accurately reflect the mechanical behavior of the material, the principle of energy conservation is used to strictly deduce the spring stiffness of the three types of spherical elements on the boundary, and the relationship between the spring stiffness and elastic constants is established. The numerical example shows that the calculation accuracy of the discrete solid element method in modeling the mechanical behavior of continuity is improved after the spring stiffness of the spherical elements on the boundary is revised. In addition, the applications of the discrete solid element method to dynamic buckling of the thin plate and buckling of the cracked thin plate are also given.
Introduction
In the field of numerical calculation, the finite element method (FEM) is widely used to solve various mechanical and nonlinear problems due to its perfect theory and mature commercial software. The basis of the FEM is the variational principle and continuum mechanics. In terms of unit deformation solution, the FEM must satisfy the deformation coordination condition. Therefore, it's difficult to simulate the strong nonlinear mechanical behavior of materials using the FEM, which requires special processing and complicated correction. Khoei et al. 1 used the arbitrary Lagrangian-Eulerian technique in the FEM to solve large deformation problems of solid mechanic. Lynn and Isobe 2 develop a FEM code that applied the adaptively shifted integration (ASI)-Guess technique to cope with strong non-linearity and discontinuity problems.
In order to overcome the shortcomings of the continuum mechanics method, the meshless method has been fully developed. The discrete element method (DEM) proposed by Cundall and Strack 3 is one of the representatives of the meshless method. In the DEM calculation process, the damping is used to dissipate energy so that the calculation converges. Qi and JiHong 4 studied the calculation of damping force and the selection of damping coefficient. The Nonlinear viscous damping is used to calculate static problems. While for the dynamic problem, the selected damping should be able to reproduce the real response of the natural system under the dynamic load and the Rayleigh damping is used to calculate the dynamic problem.
In the DEM, the material is discretized into mass particles with the same or different sizes. The particles can move, touch, and collide in the analysis process of the DEM without a need to deliberately meet the deformation coordination and continuous condition. Therefore, the DEM is especially suitable for solving the large deformations and the strong nonlinear problems compared with the FEM. In recent years, DEM has been an effective numerical tool to solve the dynamic and fracture problems of the continuum.
Cheng et al. 5 introduced a two-dimensional (2D) discrete element model of hexagonal arrangement to solve the impact problem. A DEM model is proposed for the large deformation and strong nonlinear analysis of member structures by Ye and Qi, 6 and introduces the establishment and solution of the equations of motion and contact constitutive equations. Hentz et al. 7 used the DEM to model concrete subjected to dynamic loading at high strain rates. The cohesive beam model in the DEM was chosen by Andre´et al. 8 and Meguro and Tagel-Din 9 to simulate the static and dynamic mechanical behavior of continuous materials. Griffiths and Mustoe 10 used a grillage of structural elements derived from the DEM concepts to simulate an elastic continuum. Sinaie 11 and Hentz et al. 12 applied the DEM to solve the fracture problem of concrete structures. These applications show that the DEM has been employed successfully in solving the elastoplastic, fracture, and dynamic and strong nonlinear problems of continuity.
FEM is not ideal for the simulation of large deformation problems, while the DEM is suitable for dealing with material damage and large deformation problems. For many problems in the structure, the region where the large deformation occurs is only a part of the material, and the material deformation is small in most regions. Therefore, the DEM simulation is applied to local and large deformation regions, and the other small deformation regions are simulated by FEM. The advantages of the two calculation methods are comprehensively combined, and the combined finite DEM is established. Munjiza et al. 13 and Rousseau et al. 14 developed a combined finite discrete element model for failure and collapse of reinforced concrete structure. Lei and Zhang 15 used an algorithm combining threedimensional (3D) discrete and FEMs to simulate the impact fracture behavior of a laminated glass plate. Azevedo and Lemos 16 presented a DEM/FEM coupling algorithm which enables the use of rigid circular particles only on the fracture processes, the remaining part of the structure being modeled with finite elements.
For the nature of the random distribution of particles in soil and rocks, the random arrangement of spherical elements is suitable for simulating granular material. The DEM with the random arrangement of spherical elements was employed for simulating nonlinear mechanical behaviors, large deformations, strain softening, and dynamic fracture of soil grains and rock by Li et al., 17 Bono and McDowell, 18 and McDowell. 19 For the continuum problems addressed by the DEM, the regular arrangement of spherical elements is more suitable in terms of accuracy and efficiency compared with the random arrangement of spherical elements. The discrete solid element method (DSEM) with the cubic arrangement of spherical elements is proposed to calculate the extremely large deformation and strong material nonlinearity of continuity by Zhu and Feng. 20 The precision of the discrete gird is determined by the radius of the spherical elements. For the random arrangement, the radius of the spherical elements is determined by the size of the actual particles in the granular material. For the regular arrangement, the radius of the spherical elements is determined by the geometric size of the continuum structure. In the DSEM, eight spherical elements constitute a DSEM cubic model. When the continuity is simulated by the cubic arrangement of spherical elements, the number of spherical elements connected to the spherical elements on the boundary of the DSEM model is different from that connected to the spherical elements inside the DSEM model, resulting in the spring stiffness of the spherical elements on the boundary being different from that inside the calculation model based on the principle of conservation of energy. If all the springs adopt the spring stiffness of the spherical elements inside the DSEM model, the displacement and the contact force of the spherical elements on the boundary will produce large errors. Especially in the case of controlling the number of spherical elements, when the DSEM is used to simulate the mechanical behavior of thin-walled structures, the displacement and the contact force of the spherical elements on the boundary may produce erroneous results.
The main purpose of this article is to derive the spring stiffness of the spherical elements on the boundary of the DSEM model using the principle of conservation of energy and to establish the relationship between the spring stiffness and elastic constants. Through revising the spring stiffness of the spherical elements on the boundary, the displacement and the contact force errors of the spherical elements on the boundary are reduced, and the accuracy of the simulation of the mechanical behavior of continuity obtained using the DSEM is improved. First, the physical model and the calculation principle of the DSEM are introduced, including the motion equation, elastoplastic force-displacement equations, and yield equation. Second, the spherical elements on the boundary are classified according to their positions, including the spherical elements on the surface position, on the edge position, and on the corner position. The principle of energy conservation is used to derive the spring stiffness of various spherical elements on the boundary. Finally, the spring stiffness of the spherical element on the boundary is verified by the thin plate example, with prominent boundary problems. Moreover, the ability of simulating strong nonlinear mechanical behaviors using the DSEM is demonstrated by the dynamic buckling of the thin plate and the buckling of the cracked thin plate.
DSEM

Physical model
In the DSEM, the material is discretized into mass spherical elements. As shown in Figure 1 , eight spherical elements compose the basic cube model in the DSEM. The two spherical elements that are located on the edge and the diagonal line of the DSEM basic cube model are connected by springs. Therefore, there are two different groups of springs in the DSEM model, which are the springs on the edge and the diagonal line. Each group of springs includes one normal spring (kn) and two shear springs (ks 1 and ks 2 ). The discretization scheme is formed by the spherical elements, and the springs can effectively simulate the complicated behavior of continuity, which includes extremely large deformation, high material nonlinearity, and fracture.
Calculation principle
The main calculation flowchart of the DSEM is shown in Figure 2 (a). The motion equation (Newton's second law of motion) is applied to calculate the velocity and displacement of the spherical elements, and the forcedisplacement equation is applied to calculate the contact force (spring force) between spherical elements. The calculation flow is show in Figure 2 (b). Given the relative displacement between spherical elements (obtained from the previous time step), the contact force between spherical elements is updated by the force-displacement equation. Then, according to the contact force and the motion equation, the velocity and displacement of the spherical elements are updated.
The motion equation, as presented in equation (1), is solved by using the explicit central finite difference scheme. Then, the displacement of the spherical element i at t 0 + Dt can be obtained as
where m i is the spherical element mass, € u i is the spherical element acceleration, P F i is the sum of forces acting on the spherical element i, u i (t 0 + Dt) is the spherical element displacement at t 0 + Dt, u i (t 0 ) is the spherical element displacement at initial moment t 0 , _ u i (t 0 À (Dt=2)) is the spherical element velocity at t 0 À (Dt=2), and Dt is the time step.
In the DSEM, the relationship between the contact force increment and the relative displacement between spherical elements is described by the forcedisplacement equation. The elastoplastic forcedisplacement equations for a perfect plastic material in the DSEM are presented in equation (3 
where kn 1 , ks 1, 1 , and ks 1, 2 are the normal and shear spring stiffness on the edge of the cube model; DFn 1 , DFs 1, 1 , and DFs 1, 2 are the corresponding normal and shear contact force increments on the edge; Du n1 , Du s1, 1 , and Du s1, 2 are the corresponding normal and shear relative displacements on the edge; kn 2 , ks 2, 1 , and ks 2, 2 are the normal and shear spring stiffness on the diagonal line of the cube model; DFn 2 , DFs 2, 1 , and DFs 2, 2 are the corresponding normal and shear contact force increments on the diagonal line; Du n2 , Du s2, 1 , and Du s2, 2 are the corresponding normal and shear relative displacements on the diagonal line and dl is the nonnegative scale factor.
f is the yield equation in the DSEM, as presented in equation (4) 
where l n, 1 and l n, 2 are the coefficients of the distortion energy density corresponding to the normal spring on the edge and the diagonal line of the cube model, respectively; l s is the coefficient of the distortion energy density corresponding to the shear spring both on the edge and the diagonal line; V is the volume of the zone of influence of a spherical element; s s is the yield stress; and G is the shear modulus.
Spherical elements on the boundary of the DSEM model
The spring stiffness of the spherical elements on the boundary has an important influence on the mechanical behavior of continuity modeled using the DSEM. As shown in Figure 3 , according to the position of the spherical elements on the boundary of the DSEM model, the spherical elements on the boundary are divided into three types, which are the spherical elements on the surface position, on the edge position, and on the corner position. The number of the surrounding spherical elements connected to the spherical elements inside the DSEM model is different from that connected to the spherical elements on the boundary. The spherical elements inside the DSEM model are in contact with 18 surrounding spherical elements, as shown in Figure 4 . The spherical elements on the surface of the boundary are in contact with 13 surrounding spherical elements, as shown in Figure 5 . The spherical elements on the edge of the boundary are in contact with 9 surrounding spherical elements, as shown in Figure 6 . The spherical elements on the corner of the boundary are in contact with 6 surrounding spherical elements, as shown in Figure 7 . Therefore, the spring stiffness deduced from 18 spherical elements cannot be applied to spherical elements on the model boundary. The spring stiffness of the spherical elements on the boundary is different from that inside in the DSEM model based on the principle of conservation of energy. When the material is discretized into regularly arranged spherical elements in the DSEM, the spring stiffness of spherical elements on the boundary cannot adopt the spring stiffness of spherical elements inside the DSEM model. The spring stiffness of spherical elements on the boundary has an important influence on the macroscopic properties, the spring stiffness of spherical elements on the boundary need to be deduced to accurately simulate the mechanical behavior of the continuum boundary.
Spring stiffness deduction of spherical elements on the surface
In the DSEM, the spherical elements and springs form a network system that captures the complicated mechanical behavior of continuity. To accurately reflect the mechanical response of the material, the spring stiffness in the force-displacement equation is critical. The relationship between the spring stiffness and the elastic Modulus E and Poisson's ratio n is derived by the energy conservation principle. For the system consisting of spherical elements and springs, the strain energy stored in the material can be expressed as the elastic potential energy of the normal and shear springs. As shown in Figure 8 , the spherical elements on the surface of boundary are in contact with 13 surrounding spherical elements. Therefore, the total strain energy stored per unit volume of spherical elements on the surface of boundary, that is, the strain energy density, can be written as follows
where u n, ij , u s1, ij , and u s2, ij are the normal and shear relative displacements between the spherical element i on the surface and the surrounding spherical element j.
The relative displacements between spherical elements can be expressed by the strain and the central distance, as presented in equation (6) 
where l 0 is the central distance between spherical elements and ∂u n, ij =∂x l , ∂u s1, ij =∂x l , and ∂u s2, ij =∂x l are line strains along the normal and shear detection in the local coordinate system. The transformation matrix is given by n s 1 s 2 8 < :
where l 1 = cos a, l 2 = cos b, m 1 = sin a, m 2 = sin b, a is the rotation angle between the projection of local coordinate axis n in the global coordinate system x À y plane and the positive direction of global coordinate axis x, and b is the rotation angle between the local coordinate axis n and the global coordinate system x À y plane. Thus, the strain in the local coordinate system can be written in terms of global strain quantities by transformation equations, as presented in equation (8) ∂u n, ij
where e x , e y , e z , g xy , g xz , and g yz are the global strain components. Substituting equations (6) and (9) into equation (5) yields
Assume that the radius of a spherical element is r and that the initial central distances of two spherical elements on the edge and the diagonal line of the model are l 0 = 2r and l 0 = 2 ffiffi ffi 2 p r. As shown in Figure 8 , there are five surrounding spherical elements with the initial central distance of l 0 = 2r from the spherical element on the surface, and they are connected by springs on the edge. There are eight surrounding spherical elements with the initial central distance of l 0 = 2 ffiffi ffi 2 p r from the spherical element on the surface, and they are connected by springs on the diagonal line. Therefore, the contact force on one spherical element on the surface includes five groups of contact forces on the edge of the cube model and eight groups of contact forces on the diagonal line of the cube model, as shown in Figure 9 . Each group of contact forces includes one normal and two shear contact forces. Substituting kn 1 , ks 1, 1 , ks 1, 2 , kn 2 , ks 2, 1 , ks 2, 2 , and l 0 into equation (9), the strain energy density in the DSEM can be expressed as 
According to the elastic mechanics used by Xu, 21 the strain energy density can be expressed as
ðe x e y + e x e z + e y e z Þ + 1 2 ðg
The strain energy densities expressed by equations (10) and (11) are equivalent, and the following assumptions of Jefferson et al. 22 are used: ks 1, 1 = ks 1, 2 and ks 2, 1 = ks 2, 2 . Therefore, the following relationship can be obtained
Solving equation (12) , the spring stiffness of a spherical element on boundary surface is given by
Spring stiffness deduction of spherical elements on the edge
As shown in Figure 10 , the spherical element on the edge of boundary is connected with nine surrounding spherical elements. There are four surrounding spherical elements with the initial central distance of l 0 = 2r from the spherical element on the edge, and they are connected by springs on the edge. There are five surrounding spherical elements with the initial central distance of l 0 = 2 ffiffi ffi 2 p r from the spherical element on the edge, and they are connected by springs on the diagonal line. Therefore, the contact force on one spherical element on the edge includes four groups of contact forces on the edge of the cube model and five groups of contact forces on the diagonal of the cube model, as shown in Figure 11 . The spring stiffness of a spherical element on the edge is deduced using the same method as was used to deduce the spring stiffness of a spherical element on the surface. The total strain energy stored per unit volume of the spherical element on the edge can be written as follows 
The spring stiffness of a spherical element on boundary edge is given by
Spring stiffness deduction of spherical elements on the corner
As shown in Figure 12 , the spherical element on the corner of boundary is connected with six surrounding spherical elements. There are three surrounding spherical elements with the initial central distance of l 0 = 2r from the spherical element on the corner, and they are connected by springs on the edge. There are three surrounding spherical elements with the initial central distance of l 0 = 2 ffiffi ffi 2 p r from the spherical element on the corner, and they are connected by springs on the diagonal line. Therefore, the contact force on one spherical element on the corner includes three groups of contact forces on the edge of cube model and three groups of contact forces on the diagonal of cube model, as shown in Figure 13 . The total strain energy stored per unit volume of the spherical element on the corner can be written as follows 
The spring stiffness of the spherical element on the boundary corner is given by
Numerical examples
Elastoplastic bending of thin plate
In this example, the elastoplastic bending of a thin plate subjected to uniformly distributed loads is simulated. The purpose is to study the effect of the spring stiffness of the spherical elements on the boundary on the mechanical behavior of continuity modeled using the DSEM. The FEM solution is used as the reference for evaluating the DSEM results. The geometry information, boundary conditions, and material properties are shown in Figure 14 . The geometric dimensions of the thin plate are 0:3m 3 0:3m 3 0:006m. One end of the thin plate is fixed, and the upper surface is subjected to a uniform load of P = 4:8 3 10 4 Pa. The elastic modulus is E = 2:1 3 10 11 Pa, Poisson's ratio is v = 0:24, and the density of the model is r = 7850 kg=m 3 . The yield stress is s s = 235 MPa and the constitutive relation of materials is an ideal elastoplastic. The DSEM and FEM models are shown in Figures 15 and 16 . In the DSEM model, the radius of the spherical elements is 1.5 mm, and the total number of spherical elements is 30,603.
The thin plate is discretized into three-layer spherical elements along the z-direction. Both the upper and lower spherical elements on the surface of the boundary, and the percentage of spherical elements on the boundary in all the spherical elements, is approximately 67%. The resolution of the FEM model is 3mm 3 3mm 3 3mm. The simulation results of the FEM and the DSEM are shown in Figures 17-24 . The DSEM model can reproduce the same displacement and plastic distribution as the FEM model. This outcome means that the DSEM can be regarded as a valid representation of an isotropic elastoplastic material. To quantitatively study the calculation accuracy of the mechanical behavior of continuity simulated using the DSEM after revising the spring stiffness of the spherical elements on the boundary, two lines, Line I (y = 12mm, z = 6mm) and Line II (x = 60mm, z = 6mm), are selected to record the xdirection, y-direction, and z-direction displacements predicted using the DSEM model. The full comparison of the displacement field predicted by FEM and DSEM along Line I (y = 12mm, z = 6mm) on the boundary of thin plate are shown in Figures 25-27 . It can be seen that through revising the spring stiffness of the spherical elements on the boundary, the displacement errors of the boundary of the DSEM model are effectively reduced, and the accuracy of the mechanical behavior of continuity simulated using the DSEM is improved. After the spring stiffness of the spherical elements on the boundary is revised, the maximum displacement error in the x-direction decreases from 12.92% to 5.23%. The maximum displacement error in the ydirection decreases from 14.41% to 5.76%, and the maximum displacement error in the z-direction decreases from 11.38% to 4.31%. The full comparison of the displacement field along Line II (x = 60mm, z = 6mm) on the boundary of thin plate predicted by the FEM and the DSEM are shown in Figures 28-30 . After the spring stiffness of the spherical elements on the boundary is revised, the maximum displacement error in the x-direction decreases from 12.46% to 4.56%. The maximum displacement error in the y-direction decreases from 13.11% to 4.96%, and the maximum displacement error in the z-direction decreases from 10.08% to 3.84%.
The concept of a contact force between the spherical elements in the DSEM is different from the stress concept in traditional mechanical theory. Therefore, the internal force is selected for comparison. The thin plate is only subject to the uniform load in the z-direction; thus, the internal force in the x-and y-directions is approximately 0 N. The results of the internal force in the z-direction predicted by the FEM and the DSEM are shown in Table 1 . The internal force predicted by the DSEM is approximately identical to that of the FEM model. It can be seen that through revising the spring stiffness of the spherical elements on the boundary, the internal force errors of the DSEM model are reduced effectively. The maximum error of the internal force of the DSEM model is reduced from 3.81% to 1.64%; thus, the calculation accuracy of the mechanical behavior of continuity modeled by the DSEM is improved. 
Dynamic buckling of thin plate
In this section, the DSEM is used to simulate the dynamic buckling of a thin plate. The purpose of this approach is to show the potential of the DSEM when solving the extremely large deformation and high material nonlinearity problems of continuity. The experimental results by So and Chen 23 are used as the reference for evaluating the DSEM results. The geometry information, boundary conditions, and material properties are specified in Figure 31 . The length of the thin plate is 0:3 m, and the size of the cross section is 0:14m 3 0:001m. One end of the thin plate is fixed, and the other end has an attached mass of 100kg.The initial velocity of the attached mass is V 0 = 12m=s, so that this end will produce a compressive displacement along the length of the thin plate. The time step used for time integration is 4:78 3 10 À5 ms, and the total calculation time is 14ms. The elastic modulus is E = 2:1 3 10 11 Pa, Poisson's ratio is v = 0:24, and the density of the model is r = 7850kg=m 3 . The yield stress is s s = 235 MPa, and the constitutive relation of materials is an ideal elastoplastic. The DSEM model is shown in Figure 32 . The radius of the spherical elements is 0.5 mm. The DSEM model of the thin plate is discretized into twolayer spherical elements along the z-direction. Both the two-layer spherical elements are on the boundary of the DSEM model. Under such a condition, the thin plate can progressively form several wrinkles in the modes of a sine wave and can exhibit plastic postbuckling.
Figures 33-35 show the front and side views of the typical deformation of the dynamic buckling of the thin plate obtained using the DSEM when the calculation times are 1ms, 6ms, and 14ms. Under a given boundary condition, geometry information and loading system, the thin plate first undergoes wavy buckling along the length direction when t = 1ms. When t = 6ms, the first layer of obvious wrinkles is generated at the bottom of the thin plate. Then, when t = 14ms, the wrinkles in the modes of a sine wave superimpose at the bottom of the thin plate, and the second and third layers of wrinkles are gradually generated. The final deformation of the buckling mode of the DSEM model agrees well with the experimental results. Although the thin plate experiences large deformation and strong material nonlinearity, the DSEM can still effectively simulate the dynamic buckling process of the thin plate with multiple layers of wrinkles. The ability of the DSEM to solve strong nonlinear problems is verified. Figure 36 shows the curve of the load against axial displacement for the loading end of the thin plate. When the axial load is applied, a series of peak loads of decreasing intensity are recorded during the progressive buckling of the thin plate. Through revising the spring stiffness of the spherical element on the boundary, the initial stiffness, the peak loads, and the corresponding displacement generated using the DSEM model more closely match the experimental results. After revising the spring stiffness, the first critical buckling load generated using the DSEM model decreases from 55kN to 50kN, and the experimental result is 48 kN. It is sensible to consider that the following peak loads that are lower than the first critical buckling load are caused by the severe distortion of the thin plate, which includes the formation of the wrinkles in the modes of the sine wave. Figure 37 shows the curve of the time against the axial displacement of the loading end of the thin plate. Although the reaction load fluctuates with time, the relation between the axial displacement and time is linear up to an axial displacement of 8 cm after revising the spring stiffness. This finding means that the speed of the attached mass is approximately constant within an axial displacement of 8 cm, and this behavior is identical to the experimental results.
Buckling of cracked thin plate
In this section, the DSEM is used to simulate the buckling of a cracked thin plate. The purpose of this approach is to show the ability of the DSEM when solving the fracture problems of continuity. The experimental results by Seifi and Kabiri 24 are used as the reference for evaluating the DSEM results. The geometry information, boundary conditions, and material properties are specified in Figure 38 . The thin plate has dimensions of 0:24m 3 0:24m 3 0:001m, with a center crack with length a; u is the orientation angle of the crack with respect to the x axis. The edge placed at the y = À 0:12m line is clamped, and the tensile load F is applied to the edge y = 0:12m. The elastic modulus is E = 70GPa, Poisson's ratio is v = 0:3, and the density of the model is r = 2700 kg=m 3 . The yield stress is s s = 137 MPa.
Two cases are studied, as shown in Figure 39 . The crack length is a = 0:12 m, and the orientation angle is u = 0 0 in the first case. In the second case, the crack length is a = 0:168 m, and the orientation angle is u = 30 0 . The DSEM model is shown in Figure 40 . The radius of the spherical elements is 0.5 mm. The DSEM model of the thin plate is discretized into two-layer spherical elements along the z-direction. Both the twolayer spherical elements are on the boundary of the DSEM model. The crack is simulated by breaking the springs between the spherical elements.
The buckling forms of the thin plates are depicted in Figure 41 . The buckling shapes in the tension correspond to the instability phenomenon with diffuse outof-plane displacements localized around the cracked area. The DSEM results agree well with the experimental results of Seifi and Kabiri. 24 The comparison of the buckling load of the cracked thin plate is depicted in Table 2 . Through revising the spring stiffness of the spherical elements on the boundary, the buckling load is reduced from 7334:90 N to 6775:76 N in the first sample, while the experimental result is 6361:03 N. In the second sample, the buckling load is reduced from 6775:95 N to 6233:57N, while the experimental result is 5813:27N. The errors are reduced from 15.31% to 6.52% and from 16.56% to 7.23% in the first and second samples, respectively.
Conclusion
The DEM has been developed as a general and effective numerical calculation method for simulating the mechanical behavior of solid and granular materials, including the transformation from a continuum to a discontinuum. Because the mechanical behavior of the structure is calculated using the discrete grid system composed of spherical elements and springs in the DSEM, the spring stiffness has an important influence on the mechanical behavior of the structure. The spring stiffness of the spherical elements inside the DSEM model is different from that on the boundary when the continuity is modeled using the DSEM. In this article, the spring stiffness of the spherical elements on the boundary is deduced. The spring stiffness is verified using three examples. Through revising the spring stiffness of the spherical elements on the boundary, the displacement and contact force errors of the DSEM model are reduced effectively, and the calculation accuracy of continuity simulated using the DSEM is improved. In addition, through the simulation of dynamic buckling of a thin plate and the buckling of a cracked thin plate, the ability of the DSEM to address strong nonlinear, dynamic, and fracture problems is demonstrated. The following conclusions can be obtained:
1. According to the different positions of the spherical elements on the boundary of the DSEM model, the spherical elements on the boundary are divided into three types, which are spherical elements on the surface, on the edge, and on the corner. Based on the principle of energy conservation, the spring stiffnesses of the three types 
